The spatial development of photosynthetic performance during leaf development is not well understood, in part because the complexity of leaf developmental processes may confound interpretations (Schurr 1997) . Indeed, many processes that affect leaf development show spatial gradients and diurnal cycles of activity within the leaf blade (Poethig and Sussex 1985; Walter and Schurr 2000) . Tissues exhibit different developmental strategies and in general, veinal tissues differentiate earlier than neighboring mesophyll tissues (Esau 1965; Nelson and Dengler 1997) . The flat leaf morphology found in leaves of most species requires balanced growth processes in veinal and interveinal (mesophyll) tissues, but at present it is not known how this is achieved.
The preconditions for post-emergent expansion of these tissues clearly differ since the expanding veinal tissues have to sustain a wide range of functions, such as substance transport and mechanical support, while expanding mesophyll tissues are at a comparatively early developmental stage. This balance can be disturbed experimentally and depends, in part, on the supply of carbohydrates and energy to the vein (Walter et al. 2002) .
It is conceivable that differences in the photosynthetic activity of midvein and interveinal tissue in young leaves might change with leaf development and might be linked to an optimal carbohydrate supply of the growing leaf. Connections between growth and photosynthesis in different tissues of expanding leaves should be most apparent in sun exposed leaves of dicots than in monocots where the growth zone sheltered from direct irradiation inside the sheath of older leaves (Esau 1965) . Vascularadjacent tissues of C 3 plants show morphological (Esau 1965; Kinsman and Pyke 1998) High-resolution maps of leaf photosynthetic activity have been achieved using chlorophyll fluorescence imaging techniques (Daley et al. 1989; Siebke and Weis 1995a; Lichtenthaler et al. 1996; Nedbal et al. 2000) . These methods reveal spatial variations of photosynthetic metabolism in intact leaves (Siebke and Weis 1995b; Baker et al. 2001; Rascher and Lüttge 2002) . Changes in the potential quantum yield of photosystem II (PSII) measured in the dark-adapted state (F v /F m ) reflect many parameters and need to be interpreted with care. The effective quantum yield measured in the light (∆F/F m ') is closely linked to the rate of photosynthetic electron transport and can be translated to photosynthetic carbon gain (Genty et al. 1989; Edwards and Baker 1993) . Interpretation can be assisted by simultaneous measurements of non-photochemical energy dissipation (NPQ = (F m -F m ') / F m '; Schreiber et al. 1994; Maxwell and Johnson 2000) , and NPQ images have been used to assess spatially heterogeneous responses to biotic and abiotic stress (Osmond et al 1998 (Osmond et al , 1999 .
High-resolution, quantitative maps of leaf growth patterns have been achieved using digital images of leaves captured in the infrared (Schmundt et al 1998; Walter and Schurr 2000) . Thus, the aim of this study was to investigate the spatial distributions of leaf growth patterns and photosynthetic development by combining the imaging of postemergent growth and photosynthesis in leaves of two dicotyledonous species. 
Plant Cultivation
Cuttings of two tropical, shade-adapted, woody plant species (Coccoloba uvifera L. and Sanchezia nobilis Hook. f.), which both have large, flat leaves ( Fig. 1 A, D) , were taken from mature plants within the demonstration greenhouse of Biosphere 2 Center of Columbia University (Oracle, AZ, USA). The cuttings were cultivated in the understorey of the tropical greenhouse for 1 month until they had developed new roots and had grown new leaves. Six individuals of C. uvifera and six individuals of S. nobilis were then transferred into a growth chamber (EGC, Chagrin Falls, Ohio) and kept under controlled 12 h light/12 h dark conditions, with 25°C and 75% RH during light and 20°C and 80% RH during dark, respectively. Light was provided by incandescent light bulbs (General Electric, Soft White, USA), intensity (PFD, λ = 400-700nm) was set to 50 µmol m -2 s -1 , reflecting the light intensity of the understorey-regime to which the plants were adapted.
Growth measurements
The relative growth rate (RGR) of each investigated leaf was determined by measuring leaf length and width at intervals between one and three days. RGR was calculated as:
A t2 : area at day t2, A t1 : area at day t1
Relative leaf area of all investigated leaves was calculated as the ratio of actual leaf area divided by final leaf area (area of full-grown leaf) and expressed as a percentage.
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In some leaves, the diurnal variation of leaf growth as well as the base-tip-gradient of growth was monitored by a digital image sequence processing method, which is described in more detail elsewhere (Schmundt et al. 1998; Walter and Schurr 2000) . In this procedure, a leaf was fixed to the focal plane of a CCD-camera (frame size 640 * 480 pixels) by stretching it perpendicularly to the optical axis of the camera with weights, which were attached to the leaf border via nylon threads. For image acquisition, the leaf was illuminated with infrared diodes (940 nm) throughout "visual" day and night. The leaf was still attached to the intact plant. Near-infrared images were captured every three minutes and evaluated with algorithms written in a digital image processing macro language (Heurisko, Aeon, Hanau, Germany), rendering maps of RGR-distribution on the leaf for each image. 
Mini-PAM-measurements
Spot measurements of chlorophyll a fluorescence were performed with the miniaturised pulse-amplitude modulated photosynthesis yield analyzer (Mini-PAM) of H. Walz (Effeltrich, Germany) with the leaf clip holder described by Bilger et al. (1995) . The potential quantum yield of PS II (F v /F m ) was calculated as (F m -F 0 ) / F m , where F 0 is fluorescence of the dark adapted leaf after a minimum of 9 hours darkness and F m is the maximum dark-adapted fluorescence when a saturating light pulse of 800 ms duration (intensity ≈ 3000 µmol m -2 s -1 ) is superimposed (Schreiber and Bilger 1993) . These Mini-PAM values were used to validate the data obtained by the imaging system (see below). Ltd., Brno, Czech Republic) between 3 and 1 h before the onset of light, as previously described (Nedbal et al. 2000) . Measurements were performed inside the growth chamber by putting each of the plants into the imaging setup sequentially. The attached leaves were positioned in the focal plane of the camera as described for the imaging growth measurements (Walter and Schurr 2000) . This procedure ensured that both orientation and distance of the sampled leaves to camera, flashing and saturating light sources were the same in each measurement.
The CCD camera of the imaging system was equipped with an objective lens system that allowed an image size of 24 x 18 mm and a distance of 9 cm between lens and object.
The measuring flashes were generated in two panels of orange light-emitting diodes 
Results
Leaf pigmentation changed during post-emergent development; from red to green in C. uvifera and in S. nobilis the slight variegation became more pronounced in old leaves (Figs 1 A, D) . Some fully differentiated stomata were present in the youngest leaves of both species, but the number of differentiated stomata increased during leaf development. Cross-sections of midvein and interveinal tissue from both species showed a high abundance of chloroplasts in phloem-adjacent and adaxial parenchymatic midvein tissue, especially in young leaves. In veins from older leaves, chloroplast density seemed to be lower, although this observation was not examined quantitatively.
Leaf lamina distribution of relative growth rate (RGR) clearly differed between species. Growth rates of C. uvifera were very similar at leaf base and leaf tip, with some transient patchiness that averaged to a relatively homogeneous distribution of RGR over time (Fig. 1B) . In contrast to this, leaves of S. nobilis showed a permanent basipetal gradient with maximum growth at the leaf base and some transient patchiness (Fig. 1E ).
Both F o and F m changed in parallel with time during leaf development, possibly reflecting differences in chlorophyll content (Lichtenthaler et al. 1996) Light intensity during the day was low (PFD < 100 µmol m -2 s -1 ) and other external parameters, such as water status and nutrient availability were kept optimal during our experiments.
The developmental correlation between leaf expansion and F v /F m is better depicted when F v /F m is plotted versus the relative leaf area of the investigated leaves as a developmental parameter (Fig. 4) . For both species, F v /F m of the midvein tissue was linearly correlated with leaf development (Figs 4 A, B) . However, the correlation was positive for C. uvifera and negative for S. nobilis. The interveinal tissue showed positive correlation with leaf development for both species, but F v /F m of C. uvifera exhibited an exponential correlation (Fig. 4 C) and values of S. nobilis were linearly correlated (Fig. 4   D) . reflected previously observed differences in F v /F m , and because tissues were exposed to the same light intensities, indicate higher photosynthetic electron transport and possibly higher carbon assimilation in the veins of younger leaves.
To assess the potential role of photosynthesis in veinal tissue for growth in young leaves, partial shading experiments were performed on a set of three growing leaves of C. uvifera, in which the midvein, but not the rest of the leaf was shaded (Fig. 6) . The RGR of all three vein-shaded leaves decreased below that of controls during the shading treatments, and regained control values some days after the shade was removed (Fig. 6A ).
This effect was least in the youngest leaf, it was more pronounced in older leaves.
Growth retardation occurred immediately after midvein shading and persisted throughout the entire first light period (Fig. 6B ). Older leaves compensated slightly for this treatment during the first night period, and subsequently showed comparable growth rates as the controls. In general, phloem unloading in growing leaves occurs at and adjacent to the main veins;
in mature leaves phloem loading takes place at the minor veins of higher order (class 3 to 5, Roberts at al. 1997 ).
Phloem loading and unloading are both active, energy-demanding processes and therefore could potentially affect photosynthetic efficiency, inducing higher potential quantum yield in more active tissues. Thus, high F (Fig. 1) and for the mature leaf at and along the veins of higher order. Indeed, the highest values of F v /F m were found in boundary areas between mesophyll and veins (Fig. 2B) ; areas corresponding to the phloem loading and unloading zones, which are a sinks for most photoassimilates (Vaughn et al. 2002) . In a pioneering study, Siebke and Weis (1995b) recorded oscillations in fluorescence parameters in veinal and interveinal tissue that were interpreted to be under the control of metabolism during sugar synthesis and transport.
Our studies were conducted on much longer time scales, and the results presumably reflect slower changes in sources and sinks of carbohydrates during leaf growth.
As our imaging system did not provide cell-level resolution, phloem unloading processes of the mature leaf could not be visualised. However, the higher F v /F m of the interveinal mesophyll tissue in mature or almost mature leaves may also reflect the increased potential quantum yield of phloem associated cells. The gradual shift of high F v /F m from main veins (Fig. 2) to 2 nd class veins to non-resolved veins of higher class supports the hypothesis of the correlation to phloem loading and unloading processes and the shift may be amplified by energy consuming construction processes along the vein system. Presumably, a large amount of carbohydrates is needed in the veinal tissue to serve both as construction material and as energy source for expansion processes, especially for the expansion of already differentiated structures, such as xylem and phloem vessels.
Indeed, it could be shown in this study that growth of leaves with shaded midveins decreased transiently (Fig. 6) (Fig. 6a) .
Conclusion
It was shown that 
